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Abstract: We detect −3.2±0.2 dB of squeezing at 1553.3 nm from a fiber-coupled optical
parametric amplification module. The squeezing was observed by homodyne detection using
a commercial fiber beamsplitter and a commercial balanced detector. Our module consists of
a periodically poled LiNbO3 (PPLN) ridge waveguide fabricated by photolithography and dry
etching, dichroic beamsplitters, lenses and pigtales. The loss of a squeezed vacuum in the
module is about 25%. Excluding deterioration due to the measuremental system, the squeezing
level at the output fiber of the module is estimated to be −5.7±0.2 dB. A fiber-coupled source
of a high-level squeezed vacuum could help establish continuous-variable quantum information
processing with guided-wave.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
A quadrature squeezed state is a quantum resource in continuous-variable quantum information
processing with quadrature amplitudes of light [1–3]. Squeezed vacua are used as ancillary
inputs for quantum operations such as quantum teleportation [4], a quantum non-demolition
gate [5] and quantum key distribution [6]. Since a squeezed vacuum was observed for the first
time in 1985 [7], various approaches have been made to improve the performance of squeezed
vacuum sources so far [8].
In time-domain multiplexing scheme, the bandwidth of quantum states limits the speed of
quantum information processing [9]. While cavity enhancement of the efficiency of parametric
processes [10] is commonly used to obtain a larger squeezing level [11–15], cavity structures
limit the bandwidth of the process. Without a cavity structure, a single-pass optical parametric
amplifier (OPA) can achieve THz-order bandwidth limited only by dispersion or phase matching
conditions in principal [16–19]. However, to the best of our knowledge, observed squeezing
levels of continuous wave of light with a single-pass OPA have not be recorded any more than
2.2 dB in previous works [8, 20].
To realize a large-scale quantum circuit, it is important to utilize guided-wave optical com-
ponents. Nowadays, with the development of telecommunication, highly reliable various fiber-
coupled optical components such as frequency doublers and modulators have become commer-
cially available. However, generation of high-level squeezed vacua still relies on parametric
oscillators with bulk optics [8, 11, 12]. This is because a high level squeezed vacuum is vulner-
able to loss and it is generally difficult to achieve low propagation loss in a waveguide or high
Fig. 1. Design of our OPA. (a) Schematic of the module. (b) Schematic of the ridge waveg-
uide. The module consists of a 45-mm long PPLN waveguide, four dichroic beamsplitters,
six lenses and four pigtales. In this experiment, the input pigtale for a 1.55 µm beam is not
used. The substrate is LiTaO3, and the core is trapezoidal ZnO-doped LiNbO3. The waveg-
uide has periodic poling for quasi-phase matching. (c) A micrograph of the waveguide end
face taken with a scanning electron microscope.
coupling efficiency with optical fibers. OPOs with capability of direct coupling with optical
fibers have been proposed [21, 22] but the need to control and adjust the cavity length could be
an obstacle to scaling up in the future.
In 2016, generation and detection of a squeezed vacuum was demonstrated in a series of
connected fiber-opticmodules [23]. Here, a periodically poled LiNbO3 (PPLN) ridgewaveguide
made with mechanical dicing was used as a parametric amplifier. It is difficult to fabricate a
small core or fine structure by mechanical dicing because of manufacturing limitations, which
can be an obstacle to obtaining a large nonlinear efficiency or good coupling with a fiber. The
observed squeezing level with the mechanically-dicedwaveguide remained at 1.83 dB. Recently,
the same group succeeded to achieve 2.00 dB of squeezing using integrated optics made with
proton exchange [24], but it still does not reached the typical squeezing level used in quantum
information processing, for example 3 dB, which is a condition of entanglement swapping [25].
In this paper,we report generation and detection of a squeezed vacuum from a newly developed
fiber-coupled single-pass OPAmodule. The module consists of a PPLN ridge waveguide, lenses
for fiber coupling, pigtales, and dichroic beamsplitters to separate the squeezed vacuum from a
pump beam. Our waveguide is fabricated by photolithography and dry etching, which allows
for a smaller core size and a more circular output beam than mechanical dicing, thus, resulting
in larger nonlinear efficiency and better coupling with fibers [26]. We detected −3.2±0.2
dB of squeezing and 13.4±0.2 dB of anti-squeezing at 10 MHz with pump power up to 200
mW. We used commercially available fiber optical components and a balanced detector in
order to demonstrate practicability and to make a unbiased comparison with the previous work.
Correcting for the deterioration deriving from the measuremental system, the squeezing level
and anti-squeezing level at the output of themodule are expected to be−5.7±0.2 dB and 14.4±0.2
dB.
2. Experimental configuration
Figure 1 shows the schematic of our OPA module. The module consists of a 45-mm long PPLN
ridge waveguide, four dichroic beamsplitters, six collimation lenses and four pigtales. The
Fig. 2. Schematic of the experimental setup. A seed laser is a single frequency laser at
1553.3 nm. Output of the seed laser is amplified by a fiber amplifier. The amplified beam is
split into two beams by a 10 dB (90:10) coupler, and the main output of the coupler pumps
a frequency doubler after it passes through a bandpass filter. A frequency doubled beam
pumps the OPA after it passes through a variable optical attenuator consisting of a half-
wave plate and a polarizing beamsplitter. The intensity of the frequency doubled beam is
monitored after transmission through the OPA. The tapped output of the 10 dB beamsplitter
is used as a local oscillator of a homodyne measurement after passing a variable optical
attenuator and a phase modulator. A squeezed vacuum from the OPA and the local oscillator
are interfered in a 3 dB coupler, and the difference of the intensities of the output beams
of the coupler is detected by a balanced photodetector. Note that only important elements
are depicted. BPF, bandpass filter; VOA, variable optical attenuator; PBS, polarizing
beamsplitter; HWP, half-wave plate; NC, not connected; PD, photodetector; PM, phase
modulator; LO, local oscillator; AR, anti-reflection; BPD, balanced photodetector.
temperature of the waveguide is controlled for quasi-phase matching. Dichroic beamsplitters
(High transmission at 0.78 µm, high reflection at 1.5 µm) are used for separating a squeezed
vacuum from a pump beam. For better separation, a squeezed vacuum is reflected twice on the
beamsplitters. The good separation allows the intensity of a pump beam to be increased without
any problems in the homodyne detection due to the transmission of a more intense pump beam.
The transmittance of the module is 56% at 1.55 µm and 60% at 0.78 µm, which is mainly due
to coupling loss on both sides and propagation loss in the waveguide. The propagation loss is
considered to be mainly derived from surface roughness on the both sidewalls.
The ridge waveguide is fabricated by photolithography and dry etching, which have an advan-
tage in precision of process over mechanical dicing [27]. The cross section of the waveguide is
trapezoidal as shown in Fig. 1 (c). The width at the top is 5 µm long and that at the bottom is 9
µm long, which are half of those of a typical mechanically-diced waveguide [28]. Smaller core
size helps increase power density and obtain higher nonlinear efficiency. Another advantage
of photolithography and dry etching is the ability to make fine structure. The waveguide has
tapered structures at both ends to approximate the spatial shape of a propagating beam to a circle,
which improves coupling efficiency with optical fibers.
Figure 2 shows a schematic of the experiment. A source of continuous-wave laser light at
1553.3 nm is a narrow-linewidth and low-noise seed laser (RIO-OptaSense Inc.,ORIONmodule).
The output of the seed laser is amplified by a Erbium-doped fiber amplifier (Keopsys, CEDA-
C-PB-HP). The output of the fiber amplifier is splitted into two beams and passes through
bandpass filters (Alnair Labs, TFF-15-1-PM-L-100-SS-SA) to reduce noise due to amplified
spontaneous emission from the fiber amplifier. The brighter output of the beamsplitter pumps
a fiber-coupled frequency doubler (NTT Electronics, WH-0776-000-F-B-C). The frequency
doubled beam passes through a custom-made varibale optical attenuator consisting of a half-
wave plate (Sigma Koki, PBS-5-7800) and a polarizing beamsplitter (Casix, WPZ1210) in a
fiber U-bench. This beam is used as the pump beam of the OPAmodule. The less intense output
Fig. 3. Raw data of noise power as a function of the phase of the LO beam (scanned by a
20-Hz triangle wave). The intensity of a pump beam is 200 mW, measured at the output
port of the module. Center frequency is set to 10 MHz. Resolution bandwidth is set to 2
MHz and video bandwidth is set to 2 kHz. (a) Noise of a squeezed vacuum. (b) Shot noise.
of the beamsplitter passes through a variable attenuator (Thorlabs, VOA50PM-FC) and used as
a local oscillator (LO) for homodyne detection.
The OPA module has two output ports. One output port is for 0.78 µm, and is used for
monitoring the intensity of the pump beam. The intensity is measured by a Si photodetector
(Newport 818-SL) and we define the measured power at the detector as pump power. The
other output port is for 1.5 µm, namely a port for the squeezed vacuum. The squeezed vacuum
interferes with the LO in a 3 dB coupler (Thorlabs, PN1550R5F2). The phase of the LO beam
is scanned by a phase modulator (Thorlabs, LN53-10-P-S-S-BNL). The output ports of the 3
dB coupler are spliced to anti-relection (AR) coated fibers (Thorlabs, P1-1550PMAR-2). The
AR coated fibers are connected to a InGaAs balanced photodetector (Thorlabs, PDB450C). The
electric signal from the detector is measured by a spectrum analyzer (Keysight, N9010A).
3. Result and discussion
Figure 3 shows the squeezed and anti-squeezed noise with the shot noise. The intensity of
the pump beam is 200 mW, measured at the transmission port of the module. Note that the
transmittance of the module at 0.78 µm is measured to be 60%, so that the intensity at the input is
about 1.7 times larger. The measured squeezing level and the anti-squeezing level are −3.2±0.2
dB and 13.4±0.2 dB, respectively.
The squeezing level R− and the anti-squeezing level R+ with total detection loss L and
phase-averaging in the range of ±φ/2 are described as [29]:
R± =
1
φ
∫ φ/2
−φ/2
{[L + (1 − L) exp(±a√p)] cos2 θ + [L + (1 − L) exp(∓a√p)] sin2 θ} dθ
= L + (1 − L) {cosh(a√p) ± sinc(φ) sinh(a√p)} . (1)
L, a and φ are fitted to be 43.4%, 0.254 mW−1/2 and 8.05◦, respectively.
To get the breakdown of the total detection loss L, transmittance of each element on the path
of a squeezed vacuum is measured. The transmittance of the OPA module is measured to be
56%, and that of the 3 dB coupler including a fiber joint loss is measured to be 45%. Since
the squeezed vacuum is generated inside the OPA module, assuming that a squeezed vacuum is
generated in the middle of the waveguide, the effective loss can be considered to be 1 −
√
0.56,
Fig. 4. Pump power dependency of the intensity of squeezed noise and anti-squeezed noise
normalized by the intensity of shot noise. Note that the pump intensity is measured value at
the output of the module and is 1.7 times smaller than that at the input because of coupling
mismatch. Blue circles with error bars are measured values and red line is a theoretical
fitting.
namely 25%. For the 3 dB coupler, since the transmittance of a lossless coupler is 50%, the
effective loss is the excess loss of 1 − 0.45/0.50, namely 10%. The quantum efficiency of the
balanced detector at 1.55 µm is about 83%, and it can be regarded as an effective loss of 17%.
Therefore, total detection loss is calculated to be 44 %, and this is well-matched with the value
from the fitting.
From Fig. 3, the speed of the phase scan is estimated to be approximately 180◦ per 12 ms.
Since the video bandwidth is set to be 2 kHz, the signal is averaged for 0.5 ms. Therefore, the
range of phase-averaging is calculated to be 7.5◦, which is also matched with the value from the
fitting.
The coefficient a represents the nonlinear efficiency of a waveguide. Correcting the coupling
loss of the pump beam to match the conditions with the previous work [23], the value of our
module is expected to be 0.22 mW−1/2, which is 2.2 times larger than that of the previous
work, 0.101 mW−1/2. This is considered to be caused by the smaller core size realized by
photolithography and dry etching.
Excluding the drop due to the phase averaging and the detection efficiency, the original
squeezing and anti-squeezing level at the output port of the module can be estimated to be
−5.7±0.2 dB and 14.4±0.2 dB, respectively. The loss of a squeezed vacuum in the module is
estimated as low as 25%, which is considered to be due to the couplingmismatch with the output
fiber and the propagation loss in the waveguide. Additionally, by removing the output pigtail,
this module could be a source of a high-level squeezed vacuum for free space optics, too. In this
case, as the squeezing level is, in principle, limited only by the propagation loss in a waveguide,
it could be possible to obtain much larger levels of squeezing by shortening the waveguide and
increasing the intensity of a pump beam.
4. Conclusion
Measurement of a squeezed vacuum from a fiber-coupled single-pass OPAmodule were demon-
strated in a fully fiber-optical setup. The PPLN ridgewaveguidewas fabricatedwith photolithog-
raphy and dry etching, which produce a smaller core size to increase electric field density and
better fiber coupling. The measured squeezing level is −3.2±0.2 dB, which is, to our knowledge,
the best squeezing with fiber-coupled single-pass OPA to date. We performed the measurement
with a commercial balanced detector and a commercial fiber-optic beamsplitter, looking toward
its practical use. It is estimated that the original squeezing level at the output port of the module
is −5.7±0.2 dB excluding the detection loss and the phase averaging due to the measuremental
system. A fiber-coupled source of a high-level squeezed vacuum would play a important role in
implementing quantum information processing in the near future.
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